The discovery that the vitamin D endocrine system regulates a very large number of genes and their associated biological processes improves our insight into the fundamental role of vitamin D and sun exposure for human health. Accumulating epidemiological data are linking a low vitamin D nutritional status to highly prevalent diseases such as cancer, autoimmune diseases, and chronic infections. Approximately half of the world's elderly, and to a lesser extent the adult population, have insufficient to deficient 25-hydroxyvitamin D (25-OHD) serum levels, and several intervention studies are being undertaken to study the impact of adequate vitamin D supplementation in chronic diseases. In this perspective we claim that chronic obstructive pulmonary disease (COPD) is a candidate disease for which vitamin D supplementation might be beneficial. Epidemiological studies revealed a dose-dependent association between serum 25-OHD levels and pulmonary function so that adequate vitamin D supplementation may extend beyond its protection against osteoporotic fractures. In line with the novel insights on its immune function, it is tempting to speculate that vitamin D may down-regulate the inflammatory immune response in the airways while boosting innate immune defense against different microorganisms. Apart from its affects on osteoporosis, vitamin D may also interfere with other comorbidities of COPD such as skeletal muscle weakness, cardiovascular disease, and cancer. Because respiratory treatments in COPD fail to reverse disease progression, interventional trials that may exploit the broader potential of vitamin D are warranted. A further challenge of such studies is to define optimal serum 25-OHD levels for such noncalcemic endpoints.
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Keywords: vitamin D; COPD; antiinflammatory; comorbidity; 25-OHD Over the last decades considerable progress has been made in understanding the complex pathogenesis of chronic obstructive pulmonary disease (COPD) leading to the discovery of new molecular pathways and potentially important therapeutic targets. Apart from smoking cessation, no treatment has convincingly proven to modify COPD disease progression, although two large randomized controlled trials recently demonstrated some beneficial effects of long-acting bronchodilators on exacerbation rate, quality of life, and survival (1, 2) . Most new therapeutics, small molecules, or recombinant antibodies, however, have not fulfilled their promises. In view of the disappointing results of these specific and expensive drugs, more attention should be refocused on the potential of older drugs in new indications. Statins, angiotensin-converting enzyme (ACE)-inhibitors, and heparines all have a broader field of action than initially presumed and may become of interest in the future therapy of COPD (3, 4) . In this perspective we will discuss the potential of another, even older molecule, vitamin D.
After the dual origin of vitamin D (by synthesis in the skin or by dietary intake) was understood, oral vitamin D supplementation almost fully eradicated endemic rickets. Many health care professionals thought the major health problems resulting from vitamin D deficiency had thus been resolved. However, it turned out that rickets was only the top of the iceberg and that less severe vitamin D deficiency is still very common and also contributes to osteopenia, osteoporosis, and increased risk for fractures. As such, the vitamin D hormonal system with its complex metabolism and tight regulation of its key hormone, the dihydroxylated 1,25-(OH) 2 D, was largely unraveled and its central role in the calcium and bone homeostasis became clear.
The discovery in recent years of a widespread presence in almost all mammalian cells of key activating and inactivating enzymes of vitamin D and its intracellular receptor, VDR, provided new insights into the paracrine role of vitamin D. The observation that approximately 3% of the mouse and human genome is regulated via the vitamin D pathway is indicative for a much broader role than initially presumed (5) . Of great interest is the growing evidence for the role vitamin D might play in controlling the risk of many chronic illnesses including common cancers, myopathy, autoimmune disease, diabetes and the metabolic syndrome, infections, and cardiovascular disease (6, 7). As patients with COPD often integrate all of these comorbid diseases in one, we will review the current knowledge on calcemic and noncalcemic or extracalcemic effects of vitamin D from a pulmonary perspective and speculate on its unexploited potential in the treatment of COPD.
VITAMIN D: METABOLISM AND MECHANISM OF ACTION Calcemic Effects and Bone Maintenance
Vitamin D is obtained by photosynthesis in the skin but can also be derived from nutrition (fatty fish, fish liver oils, and dairy products). Ultraviolet light catalyzes the first step in the vitamin D biosynthesis, which is the conversion of de novo synthesized 7-dehydrocholesterol into pre-vitamin D that undergoes an isomerization into vitamin D. The next step is a hydroxylation in the liver into 25-hydroxyvitamin D (25-OHD), which then circulates in serum with a long half-life, thereby reflecting a patient's 2 D mediates its calcemic effects by binding to the nuclear vitamin D receptor (VDR), which, after binding to specific DNA sequences (VDREs) and recruiting a complex protein network, regulates the expresion of a very large number of genes. The activation of the ligand-bound VDR in the intestine, bone, kidney, and parathyroid gland cells results in the maintenance of normal serum calcium and phosphorus levels and their related effects on mineralization and turnover of bone (8, 9) . Serum levels of 25-OHD have been directly related to bone mineral density in various populations and low 25-OHD levels are inversely related to PTH levels, which, to maintain calcium homeostasis, further contribute to the breakdown of mineralized collagen matrix in bone, causing osteopenia, osteoporosis, and increased risk for bone fractures (9, 10) . A significant reduction of the risk for fractures by vitamin D supplementation has been repeatedly demonstrated in randomized controlled trials indicating that a daily dose of 700 to 800 IU of vitamin D together with an adequate daily calcium intake (1000 mg) is probably the best strategy to prevent fractures in older subjects (11) . Although most of these studies did not report 25-OHD levels, there is a broad consensus that in view of the calcemic effects, vitamin D deficiency is best defined as a 25-OHD level less than 20 ng/ml (50 nmol/L) (7, 12) . Solely considering its effects on bone, a sensitive parameter to determine vitamin D deficiency are the serum levels of PTH. Older data have clearly demonstrated that levels of 25-OHD less than 20 ng/ml are experienced by the parathyroids as being insufficient (13) .
Noncalcemic Effects and Chronic Diseases
1a-Hydroxylase is also present in cells of several extrarenal tissues such as skin, bone, prostate, and many immune cells. Although the enzyme found here is identical to the one that is expressed in the kidney, its expression is regulated by immune signals instead of mediators of bone and calcium homeostasis (14, 15) . High local 1,25-(OH) 2 D concentrations may, independently from serum concentrations, exert an autocrine and paracrine function as its nuclear receptor VDR is also widely present in many different cells and tissues. It is estimated that approximately 3% of the mouse/ human genome is regulated by 1,25-(OH) 2 D (5). Directly or indirectly, 1,25-(OH) 2 D controls genes that are involved in the regulation of cellular proliferation, differentiation, and apoptosis of healthy and malignant cells. 1,25-(OH) 2 D is also a potent immune modulator of the adaptive immune system and stimulates the innate immune response upon infection (16) . As vitamin D is also involved in skeletal muscle function and the cardiovascular system, it is clear that these noncalcemic effects extend the therapeutic target of vitamin D supplementation from bone maintenance to many chronic diseases (see Figure 1 ).
Indeed, a positive association between 25-OHD and muscle strength or lower extremity function in elderly people has been described. A metaanalysis of five randomized clinical trials revealed that vitamin D supplementation reduces the risk of falls by 22% compared with placebo (10, 17) . Several prospective and retrospective epidemiologic studies have also found a higher risk for different cancers with lower serum 25-OHD levels. Giovannucci demonstrated in a large U.S. prospective male cohort that an increment of 10 ng/ml in estimated 25-OHD was associated with a 17% reduction in total cancer incidence, a 28% reduction in total cancer mortality, and a 45% reduction in digestive cancer mortality (18) . The supplementation of a small group of postmenopausal women with vitamin D (1,100 IU/d) and calcium significantly reduced the overall cancer risk during follow-up (19) . Similar beneficial effects were shown in a variety of Th1-mediated autoimmune diseases. The risk for multiple sclerosis was found to be approximately 50% greater when 25-OHD serum levels were less than 20 ng/ml, and the intake of vitamin D has been inversely related to the risk for developing multiple sclerosis (20, 21) . Comparable observations have been made for rheumatoid arthritis (22) . In addition, the Third National Health and Nutrition Survey (NHANES III), showed a dose-dependent inverse association between serum 25-OHD and the prevalence of diabetes (23) . Different studies reported that supplementing children with up to 2,000 IU of vitamin D per day early in life reduced their risk for type I diabetes by approximately 30% on average (see Reference 24) . Another study showed that a combined daily intake of calcium and 800 IU of vitamin D lowered the risk for type II diabetes by 33% (25) . Furthermore, vitamin D deficiency has been linked to arterial hypertension, congestive heart failure, and the metabolic syndrome (26) (27) (28) . According to a recent metaanalysis, low serum levels of 25-OHD were also associated with a higher risk of active tuberculosis (29) . Given such abundant epidemiological data in humans, and supported by increasing evidence in animal models, placebo-controlled interventional studies are being undertaken to examine a causal relationship between vitamin D deficiency and different chronic diseases. Such studies are indeed needed to delineate the therapeutic potential as well as the optimal dosage for vitamin D supplementation in the context of noncalcemic effects. We will demonstrate that COPD is a good candidate disease for such explorative study.
COPD AND VITAMIN D PATHWAY Epidemiological and Genetic Evidence
Black and colleagues examined spirometric data from the NHANES III (cross-sectional survey of 14,091 U.S. civilians greater than 20 yr of age) (30) . After adjustment for potential confounders, a strong relationship between serum levels of 25-OHD and pulmonary function, as assessed by FEV 1 and FVC, was found (30) . Although a significant correlation with airway obstruction could not be found, the observed dose-response relationship may suggest a causal link (31) . Since then, no other survey has confirmed or further examined this interesting association. The observation that smoking African Americans develop severe airflow obstruction more rapidly than Caucasians is, however, in agreement with the idea that a presumed lower vitamin D status in African Americans correlates with an increased susceptibility to COPD (32) . Furthermore, other genetic variants involved in the vitamin D pathway have been linked to COPD. For instance, a single nucleotide polymorphism (SNP) of the vitamin D binding protein was shown to be protective for COPD by a mechanism that is currently unclear (33) . As similar SNPs in the vitamin D binding protein may also influence the level of circulating 25-OHD and 1,25-(OH) 2 D (34, 35), we hypothesize that their protective role might be mediated by the bioavailability of 1,25-(OH) 2 D. In addition, different variants of VDR were associated with skeletal muscle strength in COPD (36) , and although no studies have linked the common variants of this important gene regulator to COPD (37), we believe that the absence of well-designed genetic studies with sufficient power in COPD may explain this.
Vitamin D Deficiency in COPD
Few studies have reported on 25-OHD serum levels in COPD patients. Forli and colleagues found vitamin D deficiency (,20 ng/ml) in more than 50% of a cohort waiting for lung transplantation (38) . Similarly, in a study on community-dwelling patients with COPD in Denmark, 68% of the participants had osteoporosis or osteopenia that was not adequately treated (39) . It should be emphasized that insufficient or deficient vitamin D levels are not a unique finding in COPD. According to the current definitions, it is estimated that more than one billion people worldwide have impaired serum levels of vitamin D. Several studies indicate that 40 to 100% of the elderly in the U.S. and Europe still living in the community are mildly or severely vitamin D deficient (12, 40, 41) . However, patients with COPD should be considered at high risk for a variety of reasons. A lower food intake, a reduced capacity of aging skin for vitamin D synthesis, the absence of outdoor activity and sun exposure, an increased catabolism by glucocorticoids, impaired activation because of renal dysfunction, and a lower storage capacity in muscles or fat due to wasting, may all contribute to a defective vitamin D status in patients with COPD (7). Although current supplementation with a daily dose of 800 to 1,000 IU of vitamin D restores deficient levels of serum 25-OHD in a general adult population to concentrations greater than 20 ng/ml, higher doses are probably required to increase 25-OHD levels to even higher levels that may be needed for noncalcemic diseases in a population at risk (10, 42) . At present we can only speculate on the ideal target range for 25-OHD levels to maximally exploit these extracalcemic effects.
Mechanisms of Action in COPD
Calcemic effects. Sin and colleagues used the NHANES III data to demonstrate that airflow obstruction is independently associated with reduced bone mineral density (43) . In their populationbased cohort of 9,502 non-Hispanic white participants, 33% of all women with severe COPD had osteoporosis, whereas almost all women with less-severe airway obstruction had osteopenia. In comparison, men were less at risk than women, but, in men with severe COPD, the prevalence of osteoporosis and osteopenia was 11 and 60%, respectively, which was approximately three times higher than expected. The impact of the loss of vertebral height on pulmonary deterioration in COPD has been demonstrated by Leech and colleagues who found that vital capacity and total lung capacity incrementally declined as the number of thoracic vertebral fractures increased (44) . Kyphosis related to osteoporosis caused limitation in rib mobility and inspiratory muscle function and correlated with a loss of FEV 1 and FVC (45) . There is no doubt that vitamin D protects against osteoporosis and osteoporotic fractures, and therefore, sufficient vitamin D supplementation, at least to levels greater than 20 ng/ml, should be strongly encouraged in all patients with COPD. Even though causality and therapeutic benefits remain to be established for pulmonary inflammation and other comorbidities, prevention of vertebral fractures will positively affect pulmonary function (46) .
Antimicrobial effects. Along with a progressive loss of pulmonary function, patients with COPD become more prone to acute exacerbations, which are an important cause of hospitalization and in turn lead to a faster decline in FEV 1 (47) . Exacerbations are most often triggered by viruses, bacteria, atypical strains, or a combination of these (48) (49) (50) . In approximately 50% of exacerbations potential bacterial pathogens are detected in cultures of sputa. The same pathogens may also be detected in stable COPD (z30-40%) but the significance of this bacterial colonization is not entirely understood (50) (51) (52) . Treatment with antibiotics decreases inflammation not only when a total and persistent eradication is achieved but also in subjects with colonized airways for whom decreased inflammation correlates with a lower bacterial load (53) . Therefore, appropriate antimicrobial treatment is considered as a mainstay in the treatment of acute exacerbations, whereas, in case of colonization, repetitive and long-term antibiotic treatments are still avoided as they unequivocally contribute to the multiresistance of colonizing strains. A potent alternative approach would be the up-regulation of the innate immune defense system, especially with regard to native antimicrobial polypeptides (AMP) (54) . Wang and colleagues demonstrated that in distinct cell types, such as epithelial cells and white blood cells, the genes encoding for antimicrobial polypeptides such as cathelicidin (LL-37) are driven by VDRE-containing promoters (55) . In monocytes, a local increase of the 1,25-(OH) 2 D-VDR complex (via TLR-2) stimulates the production of LL-37, resulting in an improved intracellular eradication of mycobacterium tuberculosis (56) . LL-37 was also found to be very effective in killing a number of antibiotic-resistant strains such as Pseudomonas aeruginosa and Staphylococcus aureus, different viruses, and chlamydia (57, 58) . As LL-37 is also diffusely expressed in the surface epithelia of human airways, in the submucosal glands, and in secretory granules of macrophages and neutrophils (59), vitamin D insufficiency may contribute to chronic respiratory infections and airway colonization (60) . Conversely, increasing 25-OHD concentrations to an optimal range in patients with COPD might reduce bacterial load and concomitant exacerbations.
Immune modulation. All cells of the adaptive immune system (dendritic cells, monocytes, T cells and B cells, NK cells) express VDR either constitutively or after appropriate immune stimulation and are sensitive to 1,25-(OH) 2 D action. High levels of vitamin D are potent inhibitors of dendritic cell maturation with lower expression of major histocompatibility complex (MHC) class II molecules, down-regulation of costimulatory molecules and lower production of proinflammatory cytokines such as IL-2, IL-12, IFN-y and IL-23 (15, 16) . In several mouse models, 1,25-(OH) 2 D tapers down the adaptive immune system from a Th1/ Th17 response toward a Th2 and regulatory T-cell answer, indicating potential beneficial effects on the occurrence and progression of Th1-mediated autoimmune diseases in humans (6, (61) (62) (63) . Unlike multiple sclerosis, type I diabetes, rheumatoid arthritis, and Crohn's disease, COPD is generally not considered an autoimmune disease. Still, an important role for the adaptive immune system in COPD might be suspected as the numbers of pulmonary CD4 1 and CD8 1 cells rise with increasing severity of the disease (64, 65) . Elastin fragments that are liberated upon smoke-induced inflammation (66) may induce elastin fragmentspecific Th1 cells that were recently detected in severe stages of human COPD (67) . Similarly, Th17 cells that have been implicated in rheumatoid arthritis and several models of autoimmune disease, are likely to be involved in COPD, as IL-17 is a key cytokine for neutrophil recruitment and mucus production by goblet cells (68) . Although the specific role of antigen-specific ''autoimmune'' lymphocyte subsets and Th17 cells in COPD deterioration remains to be elucidated (69, 70) , we speculate that a down-regulation of both cell types by vitamin D would be beneficial. The peak in winter and early spring, when 25-OHD levels are lowest, of exacerbations of autoimmune diseases as well as exacerbations of COPD, may further strengthen the hypothesis that vitamin D, COPD, and adaptive immunity are linked (71) .
Lung tissue remodeling. 1,25-(OH) 2 D is not only involved in the regulation of proliferation, differentiation, and apoptosis of different cell types. Indirectly or directly, 1,25-(OH) 2 D also regulates extracellular matrix homeostasis in tissues other than bone, within particular lung and skin tissue via the control of transforming growth factor-b, matrix metalloproteinase, and plasminogen activator systems (72, 73) . Its importance here might be illustrated by the 1,25(OH) 2 D-mediated toxicity of Klotho-null mice resulting in a phenotype of emphysema, skin atrophy, and osteoporosis (74) . At present, we can only speculate if vitamin D-deficiency (or toxicity) negatively affects extracellular matrix formation in the lung and contributes to senescent or smoking-induced emphysema in humans (30) .
Peripheral muscle function. Skeletal muscle weakness is a very common observation in moderate to severe COPD and is an independent predictor of respiratory failure and death (75) . Although the underlying mechanism of skeletal muscle dysfunction in COPD is not entirely understood, it is generally accepted that the combination of disuse because of respiratory limitation, with elevated oxidative stress, systemic inflammation, hypoxia, and frequent steroid intake are the main causes of deterioration (76, 77) . Rehabilitation programs in COPD have been efficacious, but a large variability in training effects remains (78, 79) . Different lines of evidence support a role of vitamin D in skeletal muscle health. Muscle weakness is a prominent feature in rickets and chronic renal failure, and epidemiological studies have found a positive association between 25-OHD levels and lower-extremity function in older persons (80) . In the elderly, vitamin D status predicts physical performance and consequent decline during long-term followup (81) . Moreover, several double-blind randomized control trials demonstrated that vitamin D supplementation increased muscle strength and balance, and reduced the risk of falling in the elderly (17) . Although the exact mechanism of action is currently unknown, it is tempting to extrapolate these general observations to a specific population of patients with COPD. We even speculate that muscle weakness and training effects in COPD might be related to serum 25-OHD levels and adequate substitution during rehabilitation. A recent publication on vitamin D receptor genotype polymorphism and quadriceps strength in COPD is supportive of this hypothesis (36) . As the crosssectional analysis from NHANES indicated that muscle strength continued to increase throughout the reference range of 9 to 37 ng/ml of 25-OHD, more rigorous oral supplementation might then become necessary (80) .
Comorbid diseases. Although still defined using pulmonary criteria, COPD is considered a chronic disease state that is not confined to the lungs but is typically associated with systemic inflammation and different comorbidities (77, 82) . The importance of such broader context has been indirectly confirmed by the Toward a Revolution in COPD Health (TORCH) study demonstrating that, in the prospective 3-year follow-up of a large cohort of patients with COPD, only one-third of deaths could be attributed to respiratory failure, whereas the majority died from lung cancer or cardiovascular events (1) . Statins may slow down loss of pulmonary function in COPD (83) but their beneficial effects on COPD survival are likely to be explained by a reduction of systemic inflammation, cardiovascular events (4), and eventually lung cancer (84) . In line with the effects of statins, vitamin D deficiency has also been associated with arterial hypertension and congestive heart failure (27, 28) , whereas survival from non-small cell lung cancer has been linked to 25-OHD levels and VDR genotypes (85, 86) . It is beyond the scope of this perspective to further discuss the underlying mechanisms that are still far from being understood, but it is to be expected that vitamin D-mediated genetic control of proliferation, differentiation, and apoptosis of distinct cell types is involved. Whether sufficient vitamin D supplementation will finally reduce cardiovascular or lung cancer mortality in patients with COPD is currently unknown, but, given the potential beneficial effects of other antiinflammatory agents like statins in the treatment of COPD, we think it is worthwhile to further explore such hypothesis.
CONCLUSIONS
Although vitamin D deficiency is associated with many major chronic diseases, the causality or therapeutic benefits of vitamin D supplementation beyond bone and calcium homeostasis still needs to be investigated. According to the National Institutes of Health clinical trial register, several well-controlled intervention studies are currently examining vitamin D supplementation in different autoimmune diseases and tuberculosis. Given the increased risk for osteopenia and osteoporosis in COPD, vitamin D supplementation should be considered for all patients with COPD. Yet, a potential benefit of improved vitamin D status on noncalcemic endpoints in patients with severe COPD, in which deficiency or relative insufficiency of vitamin D is often present, has not been explored. We postulate that COPD is an optimal candidate disease for such studies because it often integrates repetitive infections, persistent inflammation, muscular dysfunction, and different comorbidities in one, all domains that vitamin D may affect. As current treatments in COPD are lacking efficacy, randomized control trials with vitamin D supplementation should therefore be strongly encouraged. With recommendations for vitamin D treatment only based on bone maintenance, the challenge in such randomized controlled trials will be primarily to demonstrate efficacy and safety and secondarily to define optimal target serum levels for 25-OHD in this disease as a proof of concept for other than calcemic endpoints.
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